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ABSTRACT: We used isothermal titration calorimetry to study the equilibrium thermodynamics for formation
of the physiologically-relevant redox protein complex between yeast ferricytochromec and yeast
ferricytochromec peroxidase. A 1:1 binding stoichiometry was observed, and the binding free energies
agree with results from other techniques. The binding is either enthalpy- or entropy-driven depending on
the conditions, and the heat capacity change upon binding is negative. Increasing the ionic strength
destabilizes the complex, and both the binding enthalpy and entropy increase. Increasing the temperature
stabilizes the complex, indicating a positive van’t Hoff binding enthalpy, yet the calorimetric binding
enthalpy is negative (-1.4 to -6.2 kcal mol-1). We suggest that this discrepancy is caused by solvent
reorganization in an intermediate state. The measured enthalpy and heat capacity changes are in reasonable
agreement with the values estimated from the surface area change upon complex formation. These results
are compared to those for formation of the horse ferricytochromec/yeast ferricytochromec peroxidase
complex. The results suggest that the crystal and solution structures for the yeast complex are the same,
while the crystal and solution structures for horse cytochromec/yeast cytochromec peroxidase are different.

Iso-1-cytochromec (Cc)1 from the yeastSaccharomyces
cereVisiae and Cc peroxidase fromS. cereVisiae (CcP) are
physiological redox partners. Cc, a 12.5 kDa single-domain
protein with a covalently bound hemec, is the penultimate
electron-transfer protein of the eukaryotic respiratory chain
whose main function is to accept electrons from Cc reductase
and donate them to Cc oxidase. CcP is a 35 kDa monomer
with a noncovalently bound hemec. Although the physi-
ological function of CcP is obscure [deletion of the CcP gene
does not affect the growth rate of yeast under laboratory
conditions (1)], its complex with Cc is an important model
for protein-protein binding in general and electron-transfer
complexes in particular. High-resolution structures are avail-
able for both proteins alone and for the complexes of horse
Cc (hCc) with CcP and yeast Cc (yCc) with CcP (2-8).

As shown in Scheme 1, CcP undergoes a two-electron
oxidation by a peroxide to form a radical-containing inter-
mediate, compound I. Compound I is reduced back to the
resting state by two ferrocytochromec molecules in two
consecutive one-electron steps.

In 1960, Beetlestone found that ferri-Cc is a competitive
inhibitor of ferro-Cc in CcP-catalyzed reactions (9). Since
then, many techniques have been used to study complex
formation between CcP and cytochromesc from different
species. These techniques include sedimentation velocity
(10), analytical ultracentrifugation (11), gel chromatography

(10, 12, 13), electronic absorption spectroscopy (14), nuclear
magnetic resonance spectroscopy (15-18), fluorescence
quenching (13, 19, 20), potentiometric titration (21), and
isothermal titration calorimetry (ITC) (22, 23).

Most researchers report 1:1 binding of Cc to CcP in
solution, and this stoichiometry is observed in the crystal
structure of the complex (8). The binding constant,KB,
decreases with increasing ionic strength, indicating that
electrostatic interactions contribute to binding (21, 24). This
observation is also consistent with the crystal structure, which
shows that the binding interface comprises both electrostatic
interactions and buried nonpolar surface.

In 1977, Kang et al. (12) found that CcP can bind more
than one Cc. More recently, Hoffman and co-workers
proposed a model with a 2:1 binding ratio for the complex
involving Zn-substituted -Cc or -CcP (24-26). For the yeast
ferri-Cc/CcP complex, the binding free energies,∆GB, for
the high- and low-affinity binding sites aree-10.0 and
g-5.5 kcal mol-1, respectively, at pH 6 and 25°C in 1-10
mM potassium phosphate buffer. At buffer concentration
>50 mM, the low-affinity binding site is not detected. Data
from potentiometric titration of the yCc/CcP complex (21)
are also consistent with a two-site model. At<100 mM ionic
strength and between pH 6.0 and pH 7.75,∆GB ranges from
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Scheme 1

CcP(Fe3+ Trp) + HOOH h CcP(Fe4+dO Trp•+) + H2O

CcP(Fe4+)O Trp•+) + ferro-Cch CcP(Fe3+ Trp•+) +
ferri-Cc

CcP(Fe3+ Trp•+) + ferro-Cch CcP(Fe3+ Trp) +
ferri-Cc
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-6.9 to-9.1 kcal mol-1 for the high-affinity site and from
>-4.1 to-4.7 kcal mol-1 for the low-affinity site. At ionic
strengths>100 mM, the low-affinity site is not detected.

Isothermal titration calorimetry provides a direct measure
of binding enthalpy,∆HB, but, until now, ITC has only been
applied to the horse ferri-Cc/yeast ferri-CcP complex (22).
To gain information on the formation of the physiologically-
relevant complex, we studied the reaction between yCc and
CcP and present thermodynamic data as a function of pH,
temperature, ionic strength, Cc oxidation state, and buffer.

EXPERIMENTAL PROCEDURES

Nomenclature. Unless stated otherwise, Cc and CcP refer
to the ferri forms of these proteins. The C102T variant of
yCc was used throughout this study. This mutation eliminates
dimerization, making the protein more amenable to biophysi-
cal studies, but does not change the protein’s structure or
function (3, 27, 28).

Protein Expression and Purification. yCc was purified
from yeast as described by Willie et al. (29). Recombinant
yeast CcP was expressed and purified fromEscherichia coli
by using a modified version of a previously published
protocol (30). The plasmid containing the CcP gene was a
gift from Thomas Poulos of the University of California at
Irvine. For each preparation, the plasmid was freshly
transformed toE. coli strain BL21DE3 (Stratagene, La Jolla,
CA). Cells were lysed by using the freeze-thaw method.
The ratio of the absorbance at 408 nm to that at 280 nm
ranged between 1.26 and 1.33, showing that CcP has a
5-coordinate high-spin heme (31). Aliquots of CcP crystals
were stored in deionized-distilled water at-80 °C and
dissolved in buffer before use.

ITC. Experiments were performed on a Microcal MCS-
ITC (Northampton, MA). The buffers, dimethylglutaric acid
(DMG), cacodylic acid, and sodium 2-(N-morpholino)-
ethanesulfonic acid (MES), were from Sigma (St. Louis,
MO). The pHs of DMG and cacodylate solutions were
adjusted with NaOH. MES solutions were made from the
hemisodium salt, and the pH was adjusted with HCl solution.
Unless otherwise stated, the buffer concentration was 50 mM.
To study the ionic strength dependence, 10 mM DMG was
used, and the ionic strength was adjusted with NaCl. Before
each experiment, Cc and CcP were dialyzed (Slide-A-Lyzer
membrane, 2000 and 7000 MWCO, Pierce, Rockford, IL)
against buffer in the same beaker for>36 h with three buffer
changes (buffer-volume:sample-volume>100). For experi-
ments with ferro-Cc, dithiothreitol was added to all buffers
to a final concentration of 1 mM. After dialysis, the protein
concentrations were measured by UV-vis spectrophotom-
etry. Cc concentration was determined by averaging the
absorbance measurements at five redox isobestic points, 339,
410, 434, 504, and 526.5 nm, using extinction coefficients
of 20.9, 106.1, 22.7, 6.6, and 11.0 mM-1 cm-1, respectively.
CcP concentration was determined at 408 nm by using an
extinction coefficient of 102 mM-1 cm-1 (30). Cc concentra-
tions were>1 mM, and CcP concentrations were adjusted
with buffer to 30-100 µM.

Cc was placed in the 250µL syringe. The syringe was
rotated at 400 rpm for the duration of each experiment. The
injection volume was 4-10 µL depending on the protein
concentrations and was constant for each experiment. The

time between injections was 480 s. The reference cell
contained deionized-distilled water. The water bath tem-
perature was maintained at 5°C below the temperature of
the sample cell. The heat of yCc dilution was determined
by titrating yCc into buffer, and subtracted from the data
before analysis.

We processed the data with the ITC module within Origin
4.0 (Microcal Software, Northampton, MA). Base line and
start- and end-points for integration of each peak were
adjusted manually. Integrated data were corrected for the heat
of dilution, and the first data point was removed before
fitting. A nonlinear fitting model with the Marquardt
algorithm (32) was used. One- and two-site models were
tested.

Surface Area Changes. Polar and nonpolar solvent-
accessible surface area (SASA) changes were calculated by
using the program GEPOL (33). Structures for the yCc/CcP
and hCc/CcP complexes (8) were obtained from the
Brookhaven Protein Data Bank (2PCC and 2PCB, respec-
tively). The van der Waals radii of amino acid atoms were
from the work of Lee and Richards (34). Heme atom radii
were 1.700 Å for all nitrogen and non-methyl carbon atoms,
2.000 Å for methyl carbon atoms, and 1.500 Å for propionate
oxygen atoms. Carbon atoms were treated as nonpolar, and
nitrogen and oxygen atoms were treated as polar (35). For
both the yCc/CcP and hCc/CcP complexes, the A and B
chains of the respective crystal structures were used for
SASA calculation.

RESULTS

To obtain accurate thermodynamic parameters from ITC
data, the product of macromolecule concentration in the
sample cell and equilibrium binding constant should be
between 1 and 103 (36). This condition was fulfilled by using
CcP concentrations in the 30-100µM range. Representative
ITC data are shown in Figure 1. The∆GB and∆HB values
and the stoichiometry (N), shown in Table 1, were obtained
by fitting data to a one-site model. The binding entropy,∆SB,
values were obtained by using the Gibbs equation:∆GB )
∆HB - T∆SB.

pH. Experiments were performed at pH 6.0, pH 6.5, and
pH 7.0 in 50 mM DMG buffer [pKa ) 3.7 and 6.2, (37)].
As shown in Table 1,∆GB increases with increasing pH,
consistent with the potentiometric data of Mauk et al. (21).
Both ∆HB and∆SB favor binding, except at pH 7.0, where
∆SB is unfavorable.

Temperature. Binding was investigated at five tempera-
tures from 6 to 25°C at pH 6.0 (Table 1). With increasing
temperature,∆GB, ∆HB, and∆SB decrease. At room tem-
perature, the binding is more enthalpy-driven while at low
temperature it is more entropy-driven. Linear least-squares
fitting of the temperature dependence data in Table 1 yields
a ∆Cp of -216 ( 62 cal mol-1 K-1, where the uncertainty
is the standard deviation of the best fit slope.

Ionic Strength. To investigate the ionic strength depen-
dence, ITC experiments were performed at 25°C in 10 mM
DMG, pH 6.0, with added NaCl. The increase in∆GB with
increasing ionic strength (Table 1) is the result of unfavorable
changes in∆HB. ∆SB becomes more favorable with increas-
ing ionic strength. At 140 mM NaCl, the heat released from
each injection is too small to be detected.
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Buffer. ∆HB obtained from ITC includes all the enthalpy
changes from processes that occur in the system, not only
the enthalpy change from the intrinsic binding reaction. One
of the other processes is the coupling of buffer ionization to
the uptake or release of protons upon complex formation:

where ∆HB′ is the enthalpy change without a buffer
contribution,n is the number of protons taken up (positive)
or released (negative) upon complex formation, and∆Hion

is the enthalpy of buffer ionization. We measured∆HB in
three buffers of known∆Hion [DMG, ∆Hion ) -2.5 kcal
mol-1 (38); MES, ∆Hion ) 3.7 kcal mol-1; and cacodylate,
∆Hion ) -0.47 kcal mol-1 (39)]. Fitting these data to eq 1
gives ann of 0.6, in agreement with the potentiometric results
of Mauk et al. (21). Thus,∆HB′ at pH 6.0 is 1.5 kcal mol-1

more negative than the∆HB values shown in Table 1. At
pH 6.5, n is 0.2 (21), making ∆HB′ 0.5 kcal mol-1 more
negative than∆HB. At pH 7.0, n equals zero, and there is
no contribution from buffer ionization.

An equation analogous to eq 1 can be written to correct
∆Cp for the effect of buffer ionization, but∆Cp for DMG
ionization is unknown. We can, however, estimate a range
of reasonable corrections by using the range of known buffer
∆Cp values (39). Specifically, the range of buffer ionization
heat capacities is+15 to-45 cal mol-1 K-1 andn ) 0.6 at
pH 6.0. Therefore, the range of correction is+9 to -27 cal
mol-1 K-1, smaller than the uncertainty in the binding∆Cp,
62 cal mol-1 K-1. In summary, the contribution from buffer
ionization heat capacity is insignificant.

DISCUSSION

Binding Free Energy and Stoichiometry. ITC provides a
direct measure of the enthalpy change upon protein-protein
binding. The shape of integrated data (Figure 1) is determined
by the equilibrium constant for the reaction. Thus, by fitting
experimental data to a model (32), the binding constant,KB,
and the stoichiometry,N, can be obtained.∆GB and ∆SB

are determined by using the relationship∆GB ) -RT ln KB

and the Gibbs equation. Both 1:1 and 2:1 binding models
were tested, but we found no evidence to support 2:1 binding.
Since ITC requires enough binding heat to obtain a signal,
under the conditions used here, we would not detect a second
binding site if the absolute value of its∆HB is j 0.5 kcal
mol-1 or its KB is j 104 M-1. As shown in Table 2, our
∆GB values agree with those obtained with other techniques
under similar conditions.

Table 1: Thermodynamic Parameters of yCc/CcP Binding Obtained from ITC Experimentsa

Nb ∆GB ∆HB -T∆SB

pH
6.0 (5) 0.97( 0.02 -8.1( 0.1 -6.2( 0.3 -1.9( 0.4
6.5 (4) 1.18( 0.11 -7.7( 0.1 -6.2( 0.4 -1.5( 0.4
7.0 (4) 1.09( 0.06 -7.4( 0.02 -7.8( 0.3 0.4( 0.3

temp (°C)
6 (3) 0.70( 0.05 -7.4( 0.3 -1.4( 0.1 -6.0( 0.3
10 (3) 0.91( 0.07 -7.6( 0.2 -2.2( 0.2 -5.4( 0.4
15 (4) 0.79( 0.03 -7.8( 0.3 -2.8( 0.2 -5.0( 0.5
20 (3) 0.86( 0.04 -7.7( 0.3 -2.9( 0.1 -4.7( 0.2
25 (5) 0.97( 0.02 -8.1( 0.1 -6.2( 0.3 -1.9( 0.4

ionic strengthc (mM)
4 (4) 0.87( 0.05 -10.9( 0.4 -8.6( 0.9 -2.7( 0.8
14 (5) 0.89( 0.05 -9.9( 0.7 -6.6( 0.7 -3.3( 1.3
44 (5) 1.02( 0.02 -9.3( 0.4 -4.7( 0.1 -4.6( 0.4
94 (5) 0.97( 0.05 -8.1( 0.3 -2.4( 0.1 -5.7( 0.4
144 (2)d - >-4.0 -0.5-0 >-4.0

ferro-Cc (2) 1.14( 0.09 -7.1( 0.0 -3.1( 0.6 -4.0( 0.6
a Experiments were performed at pH 6.0, 25°C, in 50 mM DMG except as indicated. Units for∆GB, ∆HB, and-T∆SB are kcal mol-1. Uncertainties

are the standard deviation of the mean for the number of experiments given in parentheses.b Binding ratio of Cc to CcP.c Buffers are 10 mM DMG
with added NaCl of 0, 10, 40, 90, 140 mM.d Signal too weak to give precise parameters.

FIGURE 1: Binding of Cc to CcP at 25°C, in 50 mM DMG, pH
6.0. The concentrations of Cc and CcP were 1.69 and 90.8µM,
respectively. Injection volumes were 10µL. (A) Raw data after
base line correction. (B) Integrated data corrected for heat of dilution
of Cc. Solid squares, integrated data; solid line, best-fit by using a
1:1 binding model. The fit yields a∆HB of -6608( 65 cal mol-1,
a KB of (7.5 ( 0.7)× 105, and a stoichiometry of 1.00( 0.01 Cc
to CcP.

∆HB ) ∆HB′ + n × ∆Hion (1)
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The ionic strength dependence also agrees with earlier
work, showing that ionic interactions play an important role
in complex formation (21, 24). The product of the charges
of Cc and CcP is obtained from the ionic strength dependence
(Table 1) and Debye-Hückel limiting law. We obtained a
value of-28( 7, which agrees with the Cc and CcP charges
of +6 and-4 at pH 6, respectively, as estimated from proton
titration curves (40, 41).

Binding Enthalpy. The binding of this physiological heme
protein complex is exothermic under all conditions, and
mostly enthalpy-driven at 25°C and 50 mM buffer concen-
tration (Table 1). However,∆GB becomes more negative with
increasing temperature. This leads to a discrepancy between
van’t Hoff and calorimetric enthalpies.

The van’t Hoff enthalpy of binding,∆HvH, is calculated
from the temperature dependence of the binding constant
KB, by using the integrated van’t Hoff equation:

where A is related to the entropy change,R is the gas
constant, andT is the absolute temperature.

As shown in Figure 2, a weighted linear fit of a-R ln KB

versus 1/T plot of yCc/CcP binding yields a∆HvH of 2.3 (
1.6 kcal mol-1. ∆HvH differs from ∆HB in both magnitude
and sign. Using pH-stat measurements, Mauk et al. estimate
a ∆HvH of 0.2 ( 0.8 kcal mol-1 (21), which is also
inconsistent with our calorimetric values. These analyses
assume that∆HvH is temperature-independent (i.e.,∆Cp is
zero), an assumption that our data show to be incorrect.
Nevertheless, the local slope of the plot in Figure 2 shows
that∆HvH is always positive while the data in Table 1 show

that∆HB is always negative. Differences between van’t Hoff
and calorimetric enthalpy changes have been reported for
protein-protein, protein-ligand, and protein-DNA binding
reactions (42-50).

What are the reasons for the discrepancy between∆HB

and ∆HvH for yCc/CcP complex formation? As discussed
by Stites (51), ITC gives the global enthalpy change, but
our van’t Hoff analysis assumes a simple 1:1 binding model
and ignores potential contributions from other processes
linked to complex formation. Such processes include heats
of proton uptake or release (eq 1), differences in the Donnan
nonideality (52), protein conformational changes, and reor-
ganization of solvent. These processes are not written into
the equilibrium constant of eq 2, so they are not reflected in
∆HvH.

Here we consider each of these factors. A 1:1 binding
model is appropriate since all our data are well fit by a one-
site model but poorly fit by a two-site model, and the fitted
stoichiometry is 1:1 (Table 1). The heat of proton release,
discussed above, cannot account for the difference. To test
the effects of Donnan nonideality, we performed a series of
ITC experiments to obtain∆HvH at a higher ionic strength
(100 mM DMG, data not shown). If the Donnan nonideality
were a significant factor, we would expect the discrepancy
between∆HvH and∆HB to decrease at higher ionic strength,
but the opposite was observed. Comparing the crystal
structures of Cc, CcP, and the complex indicates little
conformational change upon complex formation (8). Since
none of these effects appear to be significant, we are left
with solvent reorganization in an intermediate state not
accounted for in our simple model. Such reorganization has
been shown to contribute several kilocalories per mole to
∆HB (48, 49, 53, 54).

Binding Entropy. ∆SB is positive under most conditions
(Table 1). The binding entropy is even larger if we use∆HvH.
Therefore, the entropy decrease caused by two protein
particles going to one complex particle is more than offset
by entropy increases caused by other processes. This
observation is also consistent with the idea of solvent
reorganization upon complex formation. The entropy con-
tribution for removing one bound water molecule is 0-2
kcal mol-1 at 300 K (55).

Surface Area Change and∆Cp, ∆HB Estimation. Several
relationships between the solvent-accessible surface area
buried upon complex formation and∆HB and∆Cp have been
proposed. Using the crystal structure of the yCc/CcP complex
and the program GEPOL, we calculated that 608 Å2 of polar
and 646 Å2 of apolar SASA are buried upon formation of
the complex. However, the apolar SASA change (∆SASAapolar)
is a lower estimate because the methyl groups of trimethyl
Lys72 of yCc, although close to the binding site, are not
observed in the crystal structure of the complex. Assuming
the methyl group is completely buried upon binding, we
obtained a∆SASAapolar of 751 Å2. Therefore, we use 646
and 751 Å2 as the lower and upper limits for∆SASAapolar.

Murphy and Freire (56) estimate∆Cp from the equation:

Spolar et al. (35) propose another approach using only
∆SASAapolar:

Table 2: Binding Free Energies for yCc/CcP Complexes

proteins pH buffer/temp (°C) ∆GB (kcal mol-1)

Cc/CcPa 6.0 50 mM DMG/25 -8.1
Cc/Zn-CcPb 7.0 50 mM KPi/20 -7.8
Cc/CcPc 6.0 100 mM KNO3/25 -8.5
Ru-39-Cc/CcPd 7.0 100 mM NaCl/25 -8.3

a This work. b -dData from references24, 21, and62, respectively.

FIGURE 2: Effect of temperature on the binding constant of the
yCc/CcP reaction. Experiments were performed at pH 6.0 in 50
mM DMG. The error bars represent the standard deviations of the
mean for three to five repetitions. Weighted linear fitting yields a
slope of 2.3( 1.6 kcal mol-1.

ln KB ) ln A - ∆HvH/RT (2)

∆Cp ) 0.45∆SASAapolar- 0.26∆SASApolar (3)

∆Cp ) 0.25∆SASAapolar (4)
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As shown in Table 3, these equations yield∆Cp estimates
that are in reasonable agreement with the measured value,
-216 ( 62 cal mol-1 K-1.

∆HB can be estimated from eq 5 (56):

where∆T is 100 minus the temperature of interest in degrees
centigrade. The range of values in Table 3 was obtained by
using a temperature of 25°C and both the measured∆Cp

and the∆Cp values obtained from eq 3. Weber developed
another approach based on the exclusion of water molecules
upon complex formation (57):

where∆Hww, ∆Hpp, and∆Hpw are the enthalpy changes for
interactions at the solvent-solvent, protein-protein, and
protein-solvent interfaces (-7000,-760, and-3840 cal/
mol, respectively).nw, the number of water molecules
excluded from the binding interface upon complex formation,
is estimated by dividing the total surface area change upon
complex formation by the surface area of a water molecule,
10 Å2. The range of∆HB values calculated is given in Table
3.

In general, the∆HB values from eqs 5 and 6 are more
exothermic than the measured values. The differences
between the calculated and observed values for both∆Cp

and ∆HB are probably the result of the strong ionic
interactions at the binding interface, which are not considered
in the model studies used to develop the equations.

Comparison with hCc/CcP. ∆GB for the intraspecies
complex (yCc/CcP) is 1.4-2.7 kcal mol-1 more favorable
than ∆GB for the interspecies complex (hCc/CcP)(22),
consistent with the results from a previous study (24).

The measured∆HB and ∆Cp for complex formation
between yCc and CcP (Table 1) are also different from those
for the formation of the hCc/CcP complex (Table 3). yCc/
CcP binding is exothermic and becomes more exothermic
with increasing ionic strength, but hCc/CcP binding is
endothermic with a∆HB of ∼2.4 kcal mol-1 (22), which is
independent of ionic strength.∆Cp for yCc/CcP binding is
-216 cal mol-1 K-1 while ∆Cp for hCc/CcP binding is-28
cal mol-1 K-1 (22). Importantly,∆HB and∆Cp for yCc/CcP
complex formation are in reasonable agreement with the
calculated values, unlike the observed and calculated values
for hCc/CcP binding (Table 3).

These observations suggest that the crystal structure of
the yCc/CcP complex is the same as the solution structure,
in agreement with previous studies of electron-transfer

kinetics (58-60). However, the data for the hCc/CcP
complex suggest that the crystal and solution structures of
the complex and solution are different, consistent with a
recent electron-transfer kinetics study (61).

Effect of Reducing the Cc Heme. ∆GB and∆HB for ferro-
Cc/CcP binding are less favorable than those for ferri-Cc/
CcP binding (Table 1). This result can be partly explained
by the fact that ferro-Cc has one less positive charge than
does ferri-Cc. It is interesting to compare∆HB of ferro-Cc/
CcP binding to the calculated values in Table 3. That is, the
differences between the measured and calculated values are
greater for ferro-Cc/CcP complex formation. This observation
leaves open the possibility that the agreement between the
calculated and observed values for ferri-Cc/CcP complex is
fortuitous.

SUMMARY

In the present investigation, we performed equilibrium
thermodynamic studies on yCc/CcP complex formation using
ITC. The binding free energy, ranging from-7.4 to-10.9
kcal mol-1, agrees with results obtained from other tech-
niques. Both enthalpy and entropy favor binding. Measured
enthalpy and heat capacity changes are close to the estimated
values calculated from binding-induced surface area changes.
The van’t Hoff enthalpy is different from calorimetric
enthalpy, which we suggest is due to a water release step
not accounted for in our simple model. Our results also
suggest that the solution structure of the yCc/CcP complex
is the same as its crystal structure.
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